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Abstract—High-performance vertically illuminated Schottky
photodiodes with indium–tin–oxide (ITO) Schottky layers were
designed, fabricated, and tested. Ternary and quarternary III-V
material systems (AlGaN–GaN, AlGaAs–GaAs, InAlGaAs–InP,
and InGaAsP–InP) were utilized for detection in the ultravi-
olet (UV) ( 400 nm), near-IR ( 850 nm), and IR
( 1550 nm) spectrum. The material properties of thin
ITO films were characterized. Using resonant-cavity-enhanced
(RCE) detector structures, improved efficiency performance was
achieved. Current–voltage, spectral responsivity, and high-speed
measurements were carried out on the fabricated ITO-Schottky
devices. The device performances obtained with different material
systems are compared.
Index Terms—Heterostructure, high performance, III–V alloys,
indium–tin–oxide (ITO), photodiode, resonant cavity, Schottky.
I. INTRODUCTION
PHOTODETECTORS based on III–V semiconductorshave demonstrated high-performance detection in a wide
spectrum range with cutoff wavelengths ranging from UV to
far-IR [1]. Main photodetector performance parameters include
dark current, quantum efficiency, and bandwidth [2]. The band-
width-efficiency (BWE) product is a common figure of merit
for photodetectors. This product is limited by the well-known
BWE tradeoff for conventional vertically illuminated detectors
[3]. Two approaches were offered to beat this BWE limit:
resonant-cavity-enhanced (RCE) detectors and edge-coupled
detectors. RCE detectors benefit from the recycle process of
resonant photons within the detector cavity, which results in
selectively enhanced efficiency performance [4]. Edge-coupled
detector structures, on the other hand, decouple the dependence
of efficiency and bandwidth [5]. Both structures have proved
their potential for use as high-performance photodetectors
[6]–[11].
Among several types of photodetectors, Schottky photodi-
odes are particularly attractive due to their unipolar structure.
Schottky detectors are majority carrier devices and do not suffer
from minority carrier diffusion, which makes them suitable
for high-speed applications. The ease of growth and fabrica-
tion is another advantage of Schottky photodiodes. However,
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conventional vertically illuminated Schottky photodiodes with
metallic Schottky contacts suffer from low-efficiency perfor-
mance, mainly caused by the absorptive and reflective Schottky
contact layers. To overcome this drawback, transparent con-
ductors like ITO were proposed as Schottky contact materials
for low-loss Schottky photodiodes [12]. As a result, high-per-
formance ITO-Schottky photodiodes were demonstrated on
different material systems [13], [14].
Recently, we have demonstrated ITO-Schottky photodi-
odes on AlGaAs–GaAs [15] and AlGaN–GaN [16]–[18]
material systems for near-IR and UV detection, respectively.
In this paper, we review our ITO-Schottky research and
present the measurement results of our newly fabricated IR
m RCE ITO-Schottky photodiodes on InAl-
GaAs–InP and InGaAsP–InP heterostructures. A comparative
analysis between different material systems is done in terms of
detector performance.
II. EXPERIMENTAL WORK
A. Material Properties of Thin ITO Films
Thin ITO films were grown using a composite target SnO
In O under Ar plasma in an RF-magnetron sput-
tering system. ITO films were deposited at a rate around 2 s.
To determine the electrical properties of ITO, a 100-nm-thick
ITO film was deposited on a semi-insulating GaAs sample. Au
transmission line patterns were formed on top of the ITO layer to
measure the film resistivity. The resistivity of the as-grown ITO
film was 2 10 -cm. With a 1-min annealing at 400 C, a
resistivity of 1.2 10 -cm was achieved.
The optical transmission properties of ITO films ( 100 nm
thick) were characterized using a fiber-optic based trans-
mission/reflection measurement setup. The output of a deu-
terium-tungsten light source was coupled into a multimode
solarization-resistant optical fiber. The samples were illumi-
nated by this fiber output. The transmitted/reflected light was
collected by another UV fiber which sent the transmitted light
to the spectrometer. Thin films were deposited on quartz sam-
ples. To make a comparison with semitransparent Au films,
100- -thick Au films were also prepared. The measured
transmission and reflection spectra of ITO and Au films in the
200–1700-nm region are shown in Fig. 1(a) and (b), respec-
tively. Transmittivity of ITO showed a sharp increase around
300 nm and stays above 75% for nm. For >80%, trans-
mission was observed within 680–1700 nm. Au film exhibited a
transmission peak around 550 nm. Except for the 340–870-nm
1077-260X/04$20.00 © 2004 IEEE
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Fig. 1. (a) Measured spectral transmittivity of ITO and Au films. (b) Measured
spectral reflectivity curves of the same films.
region, the transmittivity of Au film was below 40%. The re-
flectivity of ITO film was smaller than 20% throughout the
measurement range. Au displayed an increasing reflectivity
toward the IR spectrum, reaching nearly 70% around 1600
nm. Using the transmittivity and reflectivity data, absorption
spectrum of the films was calculated. Fig. 2 shows the spec-
tral absorption curve of the films. ITO was nearly lossless
in the 570–1240-nm range with less than 2% absortion. This
transparency failed in the UV region and the optical loss in
ITO film increased significantly toward shorter wavelengths.
The absorption of ITO film exceeded the loss induced by Au
film for wavelengths smaller than 330 nm (see inset figure).
Optical loss in ITO film increased slightly toward IR wave-
lengths reaching a loss of 10% at 1700 nm. Au film exhibited
a relatively strong absorption in the UV spectrum with a 40%
peak around 300 nm. The absorption of Au film decreased
toward the 10% level at the visible (VIS) spectrum and
fluctuated around this value in the IR region. These results
proved that ITO could be used as low-loss Schottky contacts
for detectors operating at wavelengths greater than 330 nm,
particularly in the VIS–IR spectrum.
B. Design of Photodiode Structures
The detector structures were designed using a transfer matrix
method (TMM)-based simulation program. Using the complex
refractive index data of used materials, the desired layer thick-
nesses were found. Six different photodiode structures were de-
signed using four different material systems. Four of them were
RCE structures while two designs consisted of conventional
single-pass structures. The III–V alloys used for UV, NIR, and
Fig. 2. Absorption spectrum of ITO and Au films. Inset shows the same data
for wavelengths smaller than 500 nm.
IR detectors were AlGaN, AlGaAs, and InAlGaAs–InGaAsP,
respectively.
The wide-bandgap Al Ga N alloy provides a naturally
visible–blind detector material with a cutoff wavelength smaller
than 363 nm (corresponding to the 3.4-eV bandgap of GaN).
With , Al Ga N becomes naturally solar-blind with
a cutoff around 280 nm. Using this alloy, three UV detector
structures were designed: a single-pass visible–blind homo-
junction GaN structure, a single-pass AlGaN structure, and an
RCE visible–blind AlGaN structure. The active layer of the
homojunction GaN design was 0.3 m thick. The single-pass
AlGaN detector had a 0.8- m-thick Al Ga N absorption
layer. The ohmic contact layer was formed with GaN. The
UV RCE detector consisted of a thin 70-nm GaN absorption
layer, Al Ga N ohmic contact layer and a 20 pair bottom
AIN–Al Ga N Bragg mirror centered at 350 nm. The
details of the epitaxial structures can be found elsewhere
[16]–[18].
The Al Ga As-based Schottky photodiode structure was
an RCE detector design for operation in the first optical com-
munication window nm . Such a detector would be
useful for high-bit rate communications in local area networks
(LANs).
A 150-nm-thick GaAs layer was utilized as the detector ac-
tive layer. Other cavity layers were formed with transparent
Al Ga As layers with . The bottom mirror of the
cavity was a 24-pair AIAs–Al Ga As distributed Bragg re-
flector (DBR) centered at 820 nm [15].
For 1.55- m operation, two InP-based heterojunction RCE
photodiodes were designed using InGaAs–InAlAs–InAlGaAs
and InGaAs–InGaAsP–InP heterostructures. Table I shows the
epitaxial structure of InAlGaAs-based RCE Schottky photo-
diode. The 300-nm-thick InGaAs absorption layer was capped
with a 50-nm-thick InAlAs Schottky barrier enhancement
layer. Two grading layers surrounding the active layer are
designed in order to minimize carrier trapping. The ohmic
contact layer was formed with a highly doped InAlAs layer.
A low-loss cavity was formed by using transparent cavity
and mirror layers. The bottom mirror consisted of a 25-pair
InAlAs–In Al Ga As DBR centered at nm.
The second 1.55- m RCE Schottky detector design was
based on InGaAsP quarternary alloy. Table II shows the de-
tails of the epitaxial layers. Similar to InAlGaAs design, a
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TABLE I
INALGAAS-BASED RCE SCHOTTKY PHOTODIODE STRUCTURE
TABLE II
INGAASP BASED RCE SCHOTTKY PHOTODIODE STRUCTURE
300-nm-thick InGaAs absorption layer was utilized. A thin
In Ga As P cap layer functioned as a barrier en-
hancement layer. For ohmic contacts a 300-nm-thick n-type
doped InP layer was designed. The bottom mirror of the resonant
cavity was formed with a 25-pair In Ga As P InP
DBR centered at 1550 nm. All cavity and mirror layers
except the InGaAs absorption layer were transparent around
the operation wavelength of 1550 nm.
C. Fabrication Process
III-nitride-based UV detector wafers were grown by
MOCVD, while other structures were grown by MBE. All
ITO-Schottky photodetector samples were fabricated using
a microwave compatible fabrication process. Devices with
5 5 m to 200 200 m active areas were fabricated using
standard III–V semiconductor processing techniques. Layer
etching in ohmic contact and mesa isolation process steps were
done via dry etching for III-nitride samples using a reactive ion
etching (RIE) system. Chemical wet etching with ammonia and
phosphoric acid-based etching solutions was used for the other
(IR) detector samples. Ohmic contacts on UV and IR detector
samples were formed by Ti–Al and Ge–Au–Ge–Au–Ni–Au
alloys, respectively. To achieve low contact resistance, the
samples were annealed in a rapid thermal annealing (RTA)
system at temperatures up to 700 C. ITO-Schottky contacts
were deposited via sputtering. The sample surfaces were passi-
vated by an Si N layer. Interconnect metal (Ti–Au) pads were
deposited by thermal evaporation.
D. Device Characterization
The fabricated samples were characterized in terms of cur-
rent–voltage I–V, spectral quantum efficiency, and high-speed
pulse response. All measurements were made onwafer, using a
Fig. 3. (a) Measured and simulated spectral reflectivity curves for
RCE-AlGaN detector sample. (b) Measured spectral efficiency of RCE-AlGaN
Schottky devices with ITO and Au contacts. Inset shows the frequency response
of the devices.
microwave probe station. In addition, the spectral reflectivity of
RCE samples was measured before device fabrication.
The spectral reflectivity was measured using the same setup
used for optical characterization of thin ITO and Au films.
I–V measurements were carried out using a semiconductor
parameter analyzer and low-noise dc probes. Quantum effi-
ciency measurement setup consisted of a white-light source,
monochromator, chopper, and a multimode fiber. The pho-
tocurrent was read from a lock-in amplifier and the incident
optical power was calibrated with NIST-calibrated detectors. A
calibrated Si detector was used for UV and NIR measurements,
while IR measurements were calibrated by a Ge detector.
Different high-speed setups were used for pulse response
measurements in different spectral regions. For high-speed
measurements in the UV region, frequency conversion pro-
cesses with nonlinear crystals were used to generate UV pulses
from a femtosecond mode-locked Ti:Sapphire laser. Using
second harmonic generation (SHG) and sum frequency genera-
tion (SFG) processes, 359- and 267-nm UV optical pulses were
generated. For NIR measurements around 820 nm, the adjusted
Ti:Sapphire output beam was directly used. The resulting pulse
responses were observed on a 50-GHz sampling oscilloscope.
III. EXPERIMENTAL RESULTS
A. UV ITO-Schottky Detectors
Prior to device fabrication, the reflectivity spectrum of the UV
RCE photodiode sample was taken and compared to our TMM-
based simulation results. Fig. 3(a) shows the experimental and
the best theoretically fitted reflectivity curves for this sample.
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Our original simulations predicted a highly reflective mirror be-
tween 340 and 380 nm. However, the experimental reflectivity
data showed that the long wavelength edge of the mirror had
blue-shifted nearly 25 nm toward 355 nm. This result convinced
us that the layers were grown shorter than the original design.
A blue-shifted peak reflectivity of 52% around 345 nm was
measured.
I–V measurements of UV ITO-Schottky devices resulted in
high-quality electrical characteristics: low leakage current and
high breakdown voltages were observed. Especially, the solar-
blind (SB) devices exhibited extremely low dark-current den-
sity values. The homojunction GaN sample displayed about six
orders of magnitude higher leakage currents. Low leakage cur-
rents were measured from RCE-AlGaN detectors.
Fig. 3(b) shows the measured spectral efficiency of UV
RCE-Schottky photodiodes with ITO and Au Schottky con-
tacts. ITO-Schottky PDs exhibited a resonant peak of 56%
at 337 nm under 1-V reverse bias. A weaker resonance was
observed in the Au-Schottky sample with a peak efficiency of
19% at 350 nm, mainly due to the significant absorbtion in
metallic Schottky film. In addition, the ITO layer had a reflec-
tivity close to the optimum RCE condition
which resulted in a stronger enhancement effect [18], where
, , and correspond to the top mirror reflectivity, bottom
mirror reflectivity, and absorption coefficient of the active layer,
respectively. In our experiment, with , maximum
enhancement is achieved with 14% and 12% top mirror reflec-
tivity at 350 and 337 nm. A 100-nm-thick ITO film displays
a reflectivity of 16%, which was close to the optimum value
of 12%. Reflectivity of Au film (34% at 350 nm), however,
deviated significantly from the optimum condition, resulting in
a weaker RCE effect.
A similar result was obtained for GaN Schottky samples.
Devices with ITO contacts displayed a maximum visible–blind
efficiency of 47%, whereas Au-Schottky devices were only
able to reach 27%. In the SB spectrum nm ; however,
ITO-Schottky devices suffered from the increase of UV ab-
sorption in ITO, resulting in lower efficiency performance than
Au-Schottky devices. A 21% maximum efficiency at 263 nm
was measured with ITO-Schottky devices, while Au-Schottky
detectors displayed 42% efficiency at 267 nm.
Pulse response measurements at 359 and 267 nm resulted in
3-dB bandwidths exceeding the gigahertz level. The temporal
response was limited by the fall time component. Very fast rise
times were measured. The long decay tails can be explained by
the carrier trapping effect in AlGaN. Faster pulses were mea-
sured under higher reverse bias voltages. Also, faster pulses
were obtained with smaller device areas due to reduced RC
time constant. The fastest (small area) RCE devices displayed
156 and 77 ps full-width at half-maximum (FWHM) with ITO
and Au Schottky contacts, respectively. The fast Fourier trans-
form (FFT) curves of the temporal data are shown in the inset of
Fig. 3(b). GaN ITO-Schottky detectors showed faster pulse re-
sponses with gigahertz-level 3-dB bandwidths. SB photodiodes
exhibited a similar pulse response with fast rise time and long
decay component. A summary of the characterization results of
UV ITO-Schottky photodiode samples is given in Table III.
TABLE III
ALGAN-BASED ITO-SCHOTTKY PHOTODIODE RESULTS
Fig. 4. (a) Experimental and computational spectral reflectivity data for
RCE-AlGaAs wafer. (b) Quantum efficiency measurement of RCE-AlGaAs
ITO-Schottky photodiode before and after top DBR deposition.
B. NIR ITO-Schottky Detectors
Fig. 4(a) shows the measured and calculated spectral reflec-
tivity of the RCE-AlGaAs detector wafer. Simulations agreed
well with the experimental data. A resonance dip around the
design wavelength of 820 nm was observed. The I–V measure-
ments resulted in breakdown voltages around 8 V and typical
dark current densities of 5 10 A/cm at 1 V bias. Schottky
barrier height and the ideality factor of the ITO–GaAs Schottky
contacts were determined as 0.74 eV and 1.12, respectively.
As can be seen in Fig. 4(b), spectral photoresponse mea-
surements demonstrated the RCE effect clearly. Before the top
DBR deposition, a resonant peak around 817 nm was observed.
The peak efficiency before dielectric mirror deposition was
66%. Our simulations predicted an improvement in the effi-
ciency performance with an additional top DBR. With a 2-pair
Si N SiO Bragg mirror, the top mirror reflectivity increased
from 0% to 15% around the resonance wavelength. The
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Fig. 5. (a) Measured pulse response of a 5 5 m ITO-Schottky
RCE-AlGaAs photodiode. (b) Bias dependence of pulse response.
(c) Corresponding as-measured and deconvolved FFT curves of the temporal
response at 4 V reverse bias.
higher top mirror reflectivity resulted in a better RCE effect
which led to an improvement in efficiency performance. The
peak efficiency increased to 75% and the resonance wavelength
shifted toward 815 nm.
This result represents a five-fold enhancement over the effi-
ciency of a single-pass detector with the same absorption layer
thickness. The wavelength selectivity also increased with higher
top mirror reflectivity: FWHM values of the resonant peak de-
creased from 21 to 15 nm. The peak-to-valley ratio exceeded
eight after top mirror deposition.
Very fast pulse responses were measured with small-area
RCE-AlGaAs ITO-Schottky photodetectors. The best results
were obtained from the smallest (5 5 m ) devices. Fig. 5(a)
shows an ultrafast measured response displayed on the oscil-
loscope screen by such an ITO-Schottky device. The output
pulse was almost symmetric with setup limited rise and fall
times. The bias dependence of pulse response is shown in
Fig. 5(b). Slightly faster response was achieved under reverse
bias. The FWHM decreased from 12 to 11.2 ps at 4-V bias.
The corresponding frequency response of the temporal data
Fig. 6. (a) Measured and simulated spectral reflectivity of RCE InAlGaAs
detector wafer. (b) Measured spectral quantum efficiency of the sample at zero
bias. (c) Typical I–V curve of ITO-Schottky InAlGaAs photodiode.
taken at 4-V reverse bias is shown in Fig. 5(c). The FFT of the
as-measured temporal data had a 3-dB bandwidth of 43 GHz.
This was very close to the setup limit of 50 GHz. Therefore,
the actual device bandwidth was found by deconvolving the
scope response. The resulting deconvolved frequency response
exhibited a 3-dB bandwidth of 60 GHz.
C. InAlGaAs-Based IR ITO-Schottky Detector
Fig. 6(a) shows the experimental and computational reflec-
tivity curves of InAlGaAs-based RCE sample. When the mea-
sured reflectivity was compared with the simulation results, it
was understood that the layers were grown 4% thicker than the
original design. This growth error shifted the center wavelength
of DBR from 1550 to 1610 nm. Resonance dips around 1650
and 1550 nm were observed. The resonances were located close
to the Bragg mirror edges where reflectivity dropped sharply.
The lower-than-expected bottom mirror reflectivity resulted in
a weak RCE effect.
A resonant peak around 1620 nm was observed in the spec-
tral photoresponse measurements. Fig. 6(b) shows the measured
quantum efficiency of ITO-Schottky photodiode at zero bias. A
peak quantum efficiency of 18% at 1624 nm was achieved.
This was significantly lower than our predicted peak efficiency
of 55% at the original design wavelength of 1550 nm. The dis-
crepancy was mainly due to the red-shifted Bragg mirror which
resulted in low bottom reflectivity at resonance wavelengths.
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Fig. 7. (a) Measured and simulated spectral reflectivity of RCE InGaAsP
detector wafer. (b) Measured photo-voltaic (zero-bias) quantum efficiency
spectrum.
Another factor was the decrease in absorption coefficient of In-
GaAs active layer at the longer resonance wavelength. Never-
theless, a resonant peak with 2 peak/valley ratio was achieved
with InAlGaAs RCE ITO-Schottky photodiode.
The I–V curve of a 100- m-diameter ITO-Schottky is shown
in Fig. 6(c). When compared with UV and NIR ITO-Schottky
detectors, higher leakage currents were obtained. This was an
expected result since these devices had lower Schottky barriers
due to narrower bandgap Schottky material (InAlAs). The
small Schottky barrier resulted in significant dark current at
room temperature.
D. InGaAsP-Based IR ITO-Schottky Detector
The reflectivity characterization of the InGaAsP RCE photo-
diode wafer showed good agreement with the expected reflec-
tivity spectrum. Fig. 7(a) shows the measured and simulated
reflectivity curves. A highly reflecting (80%) Bragg mirror
reflectivity around 1550 nm was observed. The close agree-
ment between experimental and theoretical results proved that
negligible deviation was made in the epitaxial growth process.
I–V measurements resulted in almost linear curves, with no
signs of Schottky barrier formation. This result showed that the
higher bandgap InGaAsP cap layer did not function successfully
as a Schottky barrier enhancement layer. The I–V curves mea-
sured showed photoconductor type character.
Resonant peaks were observed in spectral efficiency measure-
ments. Fig. 7(b) shows the measured efficiency performance of
an InGaAsP RCE ITO-Schottky photodiode. A peak efficiency
of 55% at 1515 nm was measured.
IV. DISCUSSION
In terms of I–V characteristics, the best performance was ob-
tained with UV ITO-Schottky devices based on wide bandgap
III-nitride alloys. Extremely low dark current and high break-
down voltages were achieved with UV detectors. The leakage
currents increased for narrower bandgap materials. Devices with
larger areas presented higher dark currents. Schottky contacts on
InP-based alloys resulted in highly leaky devices.
Efficiency performance of the fabricated Schottky pho-
todiode samples showed good agreement with transmission
and reflection measurement results of ITO and Au films. UV
detectors operating in the SB spectrum should prefer Au in-
stead of ITO contacts due to the strong absorption of ITO for
nm. ITO showed a highly transparent, lowly reflective
characteristic in the visible and IR spectrum. Optical loss in
Au film was close to ITO values for IR wavelengths; however,
Au displayed high reflectivity in this region. ITO, therefore, is
an ideal Schottky contact material for single-pass conventional
detector structures operating in the VIS-IR spectrum.
High-frequency performance of the ITO-Schottky devices
was closely related to the quality of epitaxial material. UV
detectors suffered from large defect density and trap sites in
AlGaN alloy, which resulted in slowly decaying pulse response
due to the collection process of trapped carriers. Another
important speed-limiting factor was the series resistance of the
devices. The large series resistance of the SB AlGaN sample
resulted in a slower pulse response when compared with the
higher leakage GaN sample. NIR ITO-Schottky devices based
on well-developed low-defect density AlGaAs material exhib-
ited very fast pulse response.
V. CONCLUSION
ITO-Schottky photodiodes on various material systems
were fabricated. Detector operation was demonstrated for
wavelengths ranging from UV to IR spectrum. Enhancement
of efficiency performance was achieved with RCE detector
structures. Excellent dark current and high speed performance
was obtained with UV and NIR ITO-Schottky detectors,
respectively. First, ITO-Schottky-based RCE photodetector
operation around 1550 nm was demonstrated using InAlGaAs
and InGaAsP heterostructures. It was shown that ITO-Schottky
photodetectors can be used for high-performance detection in
the near-UV, VIS, and NIR spectrum.
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